Plasma density gradients in a gas jet were used to control the wake phase velocity and trapping threshold in a laser wakefield accelerator, producing stable electron bunches with longitudinal and transverse momentum spreads more than ten times lower than in previous experiments (0.17 and 0.02 MeV/c FWHM, respectively) and with central momenta of 0.76 ± 0.02 MeV/c. Transition radiation measurements combined with simulations indicated that the bunches can be used as a wakefield accelerator injector to produce stable beams with 0.2 MeV/c-class momentum spread at high energies.
window, restricting tunability.
To improve bunch momentum spread and stablity, several methods have been proposed to control electron injection. The short plasma wake wavelength, λ p = πc 2 m/e 2 n e , typically ∼ 10 − 100 µm, requires injection of a femtosecond electron bunch with femtosecond timing.
Here n e is the plasma density, m and e the electron mass and charge, and c the speed of light.
Experiments [14] demonstrating injection using the colliding laser pulse method [15, 16] showed the usefulness of controlled injection in tuning the electron bunch energy, but so far have not reduced bunch momentum spread.
An alternative method to control trapping has been proposed using plasma density gradients with density decreasing in the laser propagation direction, or downramps [17] [18] [19] . In a downramp, λ p increases with propagation. This causes the wake fronts behind the laser to fall further behind as the laser propagates, decreasing the wake phase front velocity v φ even though the laser group velocity v g is increased due to the decreased density. This reduces the threshold for trapping by reducing the velocity electrons must achieve, and allows control over the trapping process by tailoring the gradient.
In this Letter, control of particle trapping in an LWFA using plasma density gradients is demonstrated for the first time, resulting in the production of stable electron bunches suitable for use as an injector with more than ten-fold lower momentum spread and jitter than previous experiments. Momentum of the bunches was stable at 0.76 ±0.02 MeV/c, longitudinal (transverse) momentum spread was 0.17 (0.02) MeV/c FWHM, and pointing stability was 2 mrad or 0.002 MeV/c RMS, over hundreds of shots. Bunch charge was on the order of 0.5 nC. Simulations show that the bunches are indeed produced through modification of the trapping threshold by the density gradient in the gas jet target. Measurements further show that the laser mode is well transmitted, and with simulations also indicate that the bunch is ultrafast. This allows coupling of the gradient to a low density plasma to post-accelerate the bunches, and simulations show that such coupling produces high energy bunches with greatly reduced momentum spread, as required for applications.
In the experiments, a pulse from the LOASIS Ti:Sapphire laser [20] was focused on the downstream edge of a thin slit gas jet oriented transversely to the beamline (Fig. 1) . The peak power was 10 TW (0.5 J in 47 fs FWHM), focused to a 7.5 µm FWHM spot. The plasma density profile along the laser propagation direction, measured by an interferometer [21] , was approximately Gaussian with a peak density of 2.2 ±0.3 × 10 19 cm −3 and a FWHM of 750 µm ±100 µm. The laser ionized the hydrogen gas and drove the plasma wake. The wake is excited strongly within a Rayleigh range Z R ∼ 200 µm of the laser focus [2] , allowing effective selection of the density gradient using the laser focus location. Focusing upstream produced an increasing or flat density, published previously [12] , while focusing downstream produced a decreasing density to control trapping.
Electron bunches were characterized using a magnetic spectrometer with a bend angle of 55 o . The bunch was dispersed onto a phosphor screen (LANEX) imaged by a CCD, covering a range of ±14% about a central momentum determined by magnet current. The momentum resolution was ±5%. Beam divergence was observed in the out-of-plane direction.
An insertable bunch phosphor screen (BPS), imaged by a CCD, measured the spatial profile.
Charge was determined by cross-correlating the phosphor signals with an integrating current transformer (ICT). Gamma ray detectors monitored Bremsstrahlung radiation from the electron beam dump, and this was used as a simple on-line identification of high energy electron production due to the restricted spectrometer acceptance [22] . Electron bunch length was inferred from THz radiation emitted from the plasma edge [9, 10] . A 10 µm silver coated nitrocellulose pellicle transmitted the electron bunch and diverted the laser to shows formation of an ultrafast, narrow momentum spread bunch at 1.5 MeV/c, also visible in the momentum spectrum lineout at right.
